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(57) Abstract 

The invention relates to a method and apparatus for controlling the injection of diesel fuel. The opening of a needle (2) included in 
an injection nozzle (1) is subjected to a mechanical action by a piezoelectric actuator (6). Thus, the timing and rate adjustment of injection 
can be controlled by means of electronics (7), which delivers electrical control pulses to the actuator (6). The invention can be applied in 
a free-piston engine whose operation is controlled by adjusting the timing and rate of fuel injection. 
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Method and apparatus for controlling the injection of 
fuel . 

The present invention relates to a method for controlling 
the injection of fuel, in which method the fuel is 
delivered under pressure to an injection nozzle, the 
injection being effected therefrom by using the power of a 
piezoelectric actuator for operating a needle shutting off 
the nozzle. 

The invention relates also to an apparatus for controlling 
the injection of fuel from an injection nozzle provided 
with a high-pressure fuel pump and an opening mechanism 
for a needle, including a piezoelectric actuator. 

A particular application of the invention is a method for 
controlling the injection of fuel into the combustion 
chamber of a free-piston engine for gaining a complete 
control over the action of a free-piston engine by 
regulating the rate and/or timing of fuel injection. 

US Patent publication 4,628,881 discloses several 
different solutions for an injection nozzle, wherein a 
solenoid valve controlled by an electric signal admits 
pressurized fuel into a hydraulic pressure booster or 
directly into a pressure accumulator. The amount of fuel 
is measured in the pressure booster or by the timing of a 
signal shutting off the solenoid valve. 

Patent publications DE-1751543, EP-0218895 and EP-0219669 
disclose the use of a piezoelectric actuator in a needle 
opening mechanism. These involve the use of piezolelectric 
tablets made of a hard, brittle ceramic material. The 
expansion of a single tablet is small and it is difficult 
to make a pile of tablets capable of withstanding the 
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loads involved. The cited publications pay no particular 
attention as to how it is possible to synchronize the 
timing and rate control of fuel injection accurately to 
the actions of an engine piston and the requirements of a 
varying load. 

An object of the invention is to develop an improved 
method and apparatus providing a simple and robust 
mechanism for achieving an all-round and accurate control 
over the injection of fuel. This object is achieved by 
means of the invention on the basis of the characterizing 
features set forth in the annexed claims. 

The injection control process can be readily governed by 
means of electronics. The piezoelectric actuator provides 
a high operating speed and, if necessary, it is possible 
to produce pulse-width modulated opening cycles e.g. for a 
stratified feed or so-called pre-in jection . The 
piezoelectric actuator can be built inside an injection 
nozzle as a compact unit, which is supplied with 
pressurized fuel and control pulses. 

One of the major obstacles to the development of free- 
piston engines has been the control over the piston 
actions with a varying load and fuel feed. The invention 
offers an excellent solution to this problem in that the 
timing and/or rate of injection is controlled or regulated 
by the power of a piezoelectric actuator and the 
piezoelectric actuator is controlled by means of electric 
pulses, whose timing is determined by means of a signal 
delivered by a transducer sensing the position of the 
engine piston. 

When the invention is applied to a free-piston engine, it 
is possible to achieve a virtually automatic regulation of 
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power such that, with a varying load, the output provided 
by an engine varies accordingly. The engine reacts quickly 
to load variations during the course of a single 
compression stroke and, thus, even a sudden drop of load 
does not result in a gable-hitting piston stroke. Neither 
does a sudden increase of load result in an engine 
shutdown. Thus, the operator is only required to take care 
of the operation of load-regulating hydraulic valves 
according to a desired or required load. 

The invention will now be described in more detail by 
means of exemplary embodiments with reference made to the 
accompanying drawings, in which 

fig, 1 shows a simplified basic view of of an apparatus of 
the invention for the injection of diesel fuel and 
for controlling the injection; 

fig. 2 shows an example of how the fuel feeding rate may 
vary as a function of time, such that the actual 
injection (I) is preceded by a pre-in jection (PI). 
The figure also shows injection control pulses, 
whose pulse width is modulated to match the 
injection rate; 

fig. 3 shows various embodiments for fitting a 

piezoelectric actuator in relation to the needle of 
an injection nozzle; and 

fig. 4 shows schematically a free-piston engine, wherein 
the injection of fuel is controlled with a method 
and apparatus of the invention. 

An injection nozzle 1 shown in fig. 1 included a needle 2 
provided with a plunger 4, having therebelow a pressurized 
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(either one of which can also be replaced by a spring). 
Since piezoelectric elements are capable of producing very 
significant forces, the length of stroke can be increased 
by means of a lever mechanism, if necessary. The injection 
of fuel is initiated by a pumping stroke performed by the 
piston 12 and produced by the electric control pulses of 
the piezoelectric elements 15, 16 received from the 
electronic unit 7. During the return stroke of piston 12 a 
one-way valve 18 prevents the discharge of pressure 
through a fuel feeding pipe 19 and the cylinder space 11 
receives more fuel through a one-way valve 17. 

If the piezoelectric actuator 6 is not supplied with any 
control pulses at all or the width of control pulses is 
very narrow, the needle 2 will be able to open partially 
or completely as a result of a pressure stroke received 
from the pump 10. Thus, as a matter of fact, the pump 10 
serves as a piezoelectric actuator, which determines the 
opening moment and speed of needle 2. However, as the 
question is about very short operating distances and small 
amounts of fuel, the accurate control over injection can 
be best achieved by means of the piezoelectric actuator 6 
having a direct effect on the control of needle 2. 

Fig. 3 illustrates an alternative arrangement, wherein a 
piezoelectric actuator 6a, upon extending, carries a 
needle 2 in the opening direction against the force of a 
spring 5 1 „ Thus, the spring will be able to operate as a 
sort of relief valve at the malfunction of the piezo- 
system and, in that case, the injection nozzle only 
operates at an opening pressure higher than normal. The 
top end of needle 2 is provided with a flange 2a between 
piezoelectric actuator 6a and spring 5'. Fig. 3b 
illustrates the preparation of the piezoelectric element 
6a by winding a piezoelectric film material in a spiral 
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relating to a free-piston engine. In the engine , the 
opposite ends of a piston rod 22 are fitted with engine 
pistons 23 and 24. The piston assembly 22, 23, 24 operates 
in a reciprocating fashion and produces power directly in 
a hydraulic form by means of a hydraulic cylinder 25 
mounted on the piston rod 22. 

The actions of said piston assembly 22, 23, 24 is 
monitored e.g. by means of an incremental transducer 9a, 
9b, which delivers a number of pulses proportional to the 
operating distance of the piston assembly. The pulse 
transducer includes a screw-threaded axle 9a, which is 
carried along with the piston assembly and has the passes 
of the ridges of its threading identified by means of a 
magnetoresistive identification transducer 9b, By 
disposing a number of transducers 9b around the threaded 
axle 9a, e.g. at a 90° angular distance from each other, 
it is possible to achieve an increase of resolution and at 
the same time a possibility of determining the traveling 
direction, since the order or sequence of pulses delivered 
by the threads is reversed on transducers 9b as the 
operating or traveling direction reverses. The number of 
pulses received from the transducers 9b can be used as a 
basis for accurately determining the location of the 
piston assembly. The speed determination for the piston 
assembly can be effected by calculating the number of 
pulses received from transducer 9b per unit time. A change 
in the speed of the piston assembly can be determined by 
monitoring the changes of pulse rate. An electronic unit 7 
is used for carrying out an analysis on the operating 
status of the piston assembly and, on the basis of this 
analysis, the piezoelectric actuator 6 is controlled in 
such a manner that the timing and rate of fuel feeding are 
related to the operating status of the piston. For 
example, if the piston 23 approaches the cylinder gable at 
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receive their driving force from the collision of the 
skirts of pistons 23 and 24. Thus, the fuel to be injected 
can be provided with a correctly timed pressure pulse and 
the actual fine tuning of the injection is effected 
according to the invention by means of a piezoelectric 
actuator 6 or 6a. If the axial extension of the 
illustrated engine unit is fitted with another engine unit 
(the end of which is shown by dash-and-dot lines), the 
fuel injection pumps 21 of this other engine unit are 
controlled on the basis of the actions of the same piston 
assembly 22, 23, 24, whereby the piston assemblies of 
different engine units can be operated simultaneously in 
the opposite directions. Hence, this achieves the 
vibration absorption for an engine merely by adjusting the 
timing of injection in different engine units. Instead of 
mechanical injection pumps 20 and 21 it is naturally 
possible to employ in fig. 4 a piezoelectric pump 1 0 as 
shown in fig. 1. This requires a data transmission link 26 
between the electronic units 7 controlling the injection 
of different engine units, so that the basic control over 
the injection of both engine units is received from the 
actions of one and the same piston assembly. The timing 
and rate control of the injection of different engine 
units in accordance with the invention can be effected 
either independently of each other on the basis of a 
control received from the operation transducers of the 
corresponding piston assemblies or also under the control 
of the operation transducer of one and the same piston 
assembly. The latter requires a symmetrical loading for 
both engine units. 

The above exemplary embodiments are intended for 
illustrating principles of the invention and are not 
described in the sense of limiting the invention. It is 
obvious that a skilled person can exploit the invention by 
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Claims 

1. A method for controlling the injection of fuel, in 
which method the fuel is delivered under pressure to an 
injection nozzle (1), the injection being effected 
therefrom by using the power of a piezoelectric actuator 
(6, 6a) for operating a needle (2) shutting off the 
nozzle, characterized in that the actuator (6, 
6a) comprises a film layer package prepared from a piezo 
film by winding or pleating, that during each individual 
injection the actuator is supplied with several electrical 
control pulses, whose pulse width and/or rate has an 
effect on the operating distance of the needle (2), and 
that the timing of said control pulses is determined 
depending on the location and/or speed of the piston of an 
engine for adjusting the timing and injection rate of each 
individual injection . 

2. A method as set forth in claim 1, character- 
ized in that the needle (2) is shifted to an opening 
position by means of a piezo film package (6a), the needle 
(2) extending therethrough and the opening of said needle 
(2) being also timed by means of said control pulses. 

3. A method as set forth in claim 1, character- 
ize d in that a first stage in the opening process of 
the needle (2) is produced by the pressure of fuel and 
further opening of the needle (2) is resisted at least 
over some of its maximum opening distance by the power of 
said piezoelectric actuator (6), whereby a second stage in 
the opening process of the needle is timed by means of 
said electrical control pulses. 

4. A method as set forth in any of claims 1-3, char- 
acterizedin that the fuel is pressurized by the 
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power of a second piezoelectric actuator (15, 16). 

5. A method as set forth in claim 4, character- 
ize d in that the pressure periods of fuel feeding are 
timed by delivering electrical control pulses to said 
second piezoelectric actuator (15, 16). 

6. A method as set forth in any of claims 1-3, c h a r - 
acterizedin that the electrical control pulses of 
said piezoelectric actuator (6, 6a) are timed on the basis 
of a signal delivered by a transducer (9a, 9b) sensing the 
location of an engine piston (23, 24). 

7. A method as set forth in claim 6, character- 
ize d in that said control pulses are timed on the basis 
of a signal delivered by the transducer (9a, 9b) sensing 
the location and operating speed of the piston (23, 24). 

8. A method as set forth in claim 6 or 7, charac- 
terized in that the actual injection of fuel is 
preceded by a guantitati vely minor pre-in jection , whose 
rate and commencing moment are adjusted by means of a 
signal received from said transducer (9a, 9b). 

9. A method as set forth in claim 7, character- 
ize d in that the speeds of the engine piston assembly 
are compared at points separated from each by a distance 
in the operating direction and the result of such 
comparison is the basis for adjusting the fuel injection 
rate . 

10. The application of a method as set forth in claim 6, 
7, 8 or 9 for controlling the injection of fuel into the 
combustion chamber of a free-piston engine. 



WO 94/18449 



PCT/F194/00041 



13 

11. An apparatus for controlling the injection of fuel 
from an injection nozzle (1) which is provided with a 
high-pressure fuel pump (10; 20) and includes an opening 
mechanism for a needle (2) provided with a piezoelectric 
actuator (6, 6a), controlled by electrical pulses which 
determine the adjustment of the timing and rate of 
injection, characterized in that the actuator 
comprises a film layer package (6, 6a) prepared from a 
piezo film by winding or pleating and that said electrical 
control pulses are produced in an electronic unit (7), 
which is provided with a transducer (9a, 9b) sensing the 
location of a piston (23) and which delivers several 
control pulses during each individual injection. 

12. An apparatus as set forth in claim 11, c h a r a c - 
terizedin that the needle (2) extends through said 
film layer package (6a). 

13. An apparatus as set forth in claim 11, charac- 
terized in that said fuel pump (10) includes a 
second piezoelectric actuator (15, 16) for producing the 
mechanical pumping actions of the pump (10). 
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